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Abstract 

Local heat transfer coef f ic ients  were obtained 
on irregular cy l i nd r i ca l  shapes h i c h  t y p i f y  the 
accretion o f  i ce  on c i r cu la r  cyl inders i n  cross 
flow. The ice shapes were man, on a 5.1 cm (2.0 
in.) diplpeter cyl inder i n  the IIASA Lewis I c i n g  
kesearch Tunnel. The shapes were 2. 5. and 15 min 
acctmlations o f  glaze i c e  and I5 min accumulation 
of  rime ice. These ic ing  shapes were averaged 
ax ia l l y  t o  obtain a nominal shape o f  constant cross 
section fw the heat transfer tests. Heat t ransfer  
coeff icients *ere also measured around the cy l inder  
w i t h  no ice  accretion. The lsodels were run i n  a 
15.2 x 68.6 CII) (6 x 27 in.) wind tunnel a t  several 
velocit ies. Backwound turbulence i n  the r i n d  
tunnel was less than 0.5 percent. The models were 
also run wi th  a turbulence producing g r i d  which 
gave about 3.5 percent turbulence. The e f fec t  o f  
roughness was also simulated wi th  sand grains glued 
t o  the surface. 

Results are presen.ed as Nusselt number versus 
angle from the s t a y a t i o n  l i n e  f o r  the smooth and 
rough models for  both high and low levels  of free 
stream turbulence. Roughness o f  the surface i n  
the region pr io r  t o  f l o w  separation plays a major 
ro le  i n  determining the heat transfer d is t r ibut ion.  
Free stream turbulence does not a f fec t  the d i s t r i -  
bution o f  heat transfer i n  t h i s  reqion but raises 
the level by a nearly uniform amount. For the 
rime shape, roughness had a l a r y r  e f fect  i n  the 
near wedge shaped region past the i n i t i a l  separa- 
t ion  point. 
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Nomenclature 

surface area of heat f l o w  oaae. cd 
constant i n  power l a w  curve fit, Eq. (14) 
ha l f  width of insulat ion gap between copper 

heat f low gages, cm 
constant, power of  Reynolds number i n  

Eq. (14) 
f low parameter defined by Eq. ( 8 )  
diametet o f  cylinder, cm 
voltaue. V 
gravi rat ional conrtsnt 
he;' :rar,sfer coeff icient. W/m*-'C 
cu, I mt. amp 
ther ia l  cond -c iv i t y .  J/m-sec-K 
lenpth of  hea* flu, gage. cm 
Nusselt number 
pressure, N I ~  
Prandtl number 
heat f low. U 
gis constant, J/kg-'C 
Reynolds rider 
recovery factor or rad ia l  distance, cm 
temperature, K 
turbulence intensity, percent 
velocity, mlsec 
heat f lux  gage depth under model surface, cm 
r a t i o  o f  specif ic heats f o r  dr 
surface emissivity o f  her: f l  x age 
Stefan-Boltman consta-.c. w/JJ 

u viscosity. I- e c / 3  

Subscripts 

o density, k g l  3 

a 
ad 
gap 
i 
r 
rad 
S 
t 
W 

a&ient surroundings 
adiabatic wal l  tmperature 
i n  the space between copper heat f l ux  gages 
i t e ra t i on  index 
a t  reference conditions 
rad iat ion 
s ta t i c  conditions 
t o t a l  conditions 
wall  (copper s t r i p )  

Introduction 

A por t ion o f  the NASA I c ing  Research Program 
involves developnent o f  cmputer codes that  predict 
the accretion o f  i ce  on surfaces. Experiments 
show that  the i c e  shape changes d ras t i ca l l y  i 
shape and roughness f o r  d i f f e ren t  conditions.f*2 
Ex is t ing codes show that  the predicted ice  shapes 
are very sensit ive t o  the assumed heat t ransfer  
coef f ic ient  d i ~ t r i b u t i o n . ~  Unfortunately no 
data f o r  heat t ransfer  coef f ic ients  over smooth or  
rough i c e  shapes ex is ts  i n  the l i terature.  

I n  an e f f o r t  t o  correct t h i s  deficiency. heat 
ansfer caef f ic ient  d is t r ibut ions were wasured 

on simulated ice  accretion shapes. A range of  i c e  
shapes were obtained on a c i r cu la r  cy l inder  i n  the 
NASA Lewis I c i n g  Research Tunnel (IRT). These 
shapes were ax ia l l y  averaged t o  obtain a represen- 
t a t i v e  ice shape wi th  constant cross-section. 
Heat transfer models o f  these a x i a l l y  averaged 
shapes were then cast from polyurethane foam. 
E l e c t r i c a l l y  heated copper s t r i p s  embedded ,In the 
?lode1 surface were used t o  measure the heat trans- 
f e r  coef f ic ient  d is t r ibut ions around the circun- 
ference o f  each model. Heat transfer distrib*.tions 
were measured i n  dry a i r  over a ranqe of ve loc i t i es  
wi th  these models. Sand was l a t e r  added t o  the 
surface o f  the models t o  determine thh ef tect  o f  
roughness. The e f fec t  o f  free stream turbulence 
was also investigated. 

anole f ran  the stagnation l i n e  f o r  the smooth and 
rough models f o r  both high and low leve ls  o f  free 

.stream turbulence. The e f fec t  o f  Reynolds number 
on Nusselt number i s  also presented f o r  selected 
locations on each model. A tab le o f  curve f i t s  of 
Nusselt number as a function o f  Reynolds number 
f o r  each heat transfer gaoe i s  also presented. 

Resu l t ra re  presented as Nusselt number versus 

Test Specimens 

Heat transfer coe f f i c i en t  d i s t r i bu t i ons  were 
mensured around models of four i ce  accretion 
shapes. The ice shapes were grown on a 5.1 cm 
(2.0 in.) diameter c i r cu la r  cyl inder i n  the NASA 
Lewis Ic ing  Research Tunnel (IRT). The shapes 
were 2-. 5-, and l 5 m i n  accumulations o f  glare i c e  
and 15min accunulation o f  rime ice. These k i n g  
shapes were averaged a x i a l l y  t o  obtain a nominal 
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shape o f  constant cross section f o r  the heat 
transfer tests. This was accomplished by al lowing 
the ice  t o  accrue f o r  the required time on the 5.1 
cm (2.0 i n )  cylinder. Figure 1 shows both glaze 
and rime ice that accrued on a cy l inder  in the I R T  
under s imi lar  conditions. The i c e  was then cut 
perpendicular t o  the axis o f  the cy l inder  a t  the 
tunnel centerl ine and a t  locations r5.1 cm (2.0 
in.) from the centerline. Tracinos o f  these cross- 
sections were then superimposed and an average 
curve was drawn through them. The four ic ing  shape 
heat transfer models are shown in Fig. 2. The 
dimensionless coordfnates. as defined on Fig. 3, 
f o r  each ice  shape are given i n  Table I .  

Each model was 15.2 cm (6.0 in.) long. A 5.1 
cm (2.0 in.) c i r cu la r  semi-cylinder was attached 
t o  the rear o f  each node1 shown i n  Fig. 2 during 
test ing t o  assure geometric s i m i l a r i t y  wi th  the 
ice shapes qrm i n  the IRT. 

The ic ing  shape heat t ransfer  models were 
cast o f  a polyurethane foam. Ax ia l l y  averaged 
t ransfer  coef f ic ients  were measured around the 
circumference o f  each model by using e l e c t r i c a l l y  
heated copper str ips. Each s t r i p  was 6.6 cm (2.6 
in.) lonq by 0.51 cm (0.20 in.) wide and 0.318 cm 
(0.125 in.) deep. A typ ica l  coppcr s t r i p  heat 
f lux  gage i s  shown i n  Fia. 4. A Kapton encapsula- 
ted e l e c t r i c  heater was fastened t o  each copper 
s t r i p  wi th  a pressure sensit ive adhesive. A 
stainless steel sheathed, closed. grounded ba l l .  
Chromeldltnnel thermocouple was soft soldered i n t o  
a groove i n  each copper s t r ip .  

The copper s t r ips  were enbedded i n  the poly- 
urethane fcam at c lJse ly  spaced in terva ls  along 
the circumference o f  each model. The locat ion o f  
the qages f o r  each i c i n q  model i s  shown i n  Table 
11. The surface o f  esch model had a t h i n  coating 
o f  clear lacquer t o  keep the copper gages from 
oxidizing and changing m i s s i v l t y .  As w i l l  be 
shonn later, the increased thermal resistance o f  
the lacquer coating d id  not adversely a f fec t  the 
results. 

A large copper p la te wi th  a heater and thermo- 
couple s imi lar  t o  the surface qaaes was embQdded 
i n  the center of each model t o  act as quard heater. 
The temper~ture of the quard p la te was adjusted t o  
be the same as that o f  the heat f l u x  qages thus 
minimizing heat loss thru the r e a r  o f  the model. 

Heat transfer coef f ic ients  were also measured 
around the cyl inder wi th  no ice  accretion. The 
c i r cu la r  cyl inder model was made of wood instead 
of  the polyurethane foam. The cyl inder heat 
transfer model i s  show i n  Fig. 5. The c i r cu la r  
cyl inder model was 6.6 cm (2.6 in.) i n  diameter 
and 15.2 cm (6.0 in.) long. The same copper s t r i p  
heat f lux  gages were used i n  the cy l inder  as i n  
the i c i n g  shape models. A rear guard heater was 
also used on th fs  model. I n  addit ion t o  the rear 
guard heater. guard heaters were added a t  the ends 
of  the heat f l u x  pages because the wood used had a 
hiqher thermal conductivi ty than the polyurethane 
foam. 

scale surface roughness o f  ice, a r t i f i c i a l  rough- 
ness was added t o  the models for some of the tests. 
This was accomplishrd :.,y spraying a coat of clear 
lacquer onto the model, sand was then sprinkled on 
the wet surface from an ordinary s a l t  shaker. 
Another t h i n  coat o f  lacquer then held the sand i n  
place. A profi lometer was used t o  t r y  and measure 
the roughness but the roughness elements were too 
large fo r  th is  instrument. An opt ica l  comparitor 
was used t o  obtain an estimate o f  the roughness. 
The maxfmum heiqht o f  any one rouqhness e l m n t  

I n  order t o  more c losely  simulate the small 

MS found t o  be 0.0572 cm (0.0225 in.). The 
average height o f  the roughness elements above the 
surface was 0.033 an (0.013 in.). 

Apparatus 

The i c i n g  shape heat transfer tests were con- 
ducted i n  the wind tunnel shown schenatically i n  
Fig. 6. R o m  a i r  f i r s t  f lored through a turbulence 
dampfng screen wi th  an 18x18 mesh o f  0.24 IIP 
(0.0095 in.) d i e t e r  w i r e .  Large scale turbulence 
from the room was then broken up by f lowing th ru  
approximately 12 000 p las t i c  soda straws which 
were 0.64 cm (0.25 in.) i n  diameter by 19.69 cm 
(7.75 in.) long. The a i r  then passed through a 
f i n a l  danping screen ident ica l  t o  the f i r s t .  

entering the tes t  section. The m a x i m  veloc i ty  
attainable i n  the tes t  section was about 46 mlsec 
(150 ftlsec. 102 aph) and the c lear  tunnel turbu- 
lence level  was less than 0.5 percent a t  a l l  f l o w  
rates. For the high turbulence cases, a turbulence 
generating biplane g r i d  o f  0.318 an (0.125 in.) 
rods spaced 6 rod diameters apart was i ns ta l l ed  90 
rod diareters (28.58 cm (11.25 in.)) upstream o f  
the model leadinq edge. 

The tes t  section was 15.2 cm (6.0 in.) wide 
by 68.6 cm (27.0 in.) high. The models were 
mounted hor izonta l ly  i n  the tunnel. Hot wire sur- 
veys indicated that  the center 7.6 an (3.0 in.) o f  
the tunnel was f ree from turbulence generated by 
the sidewalls. The heat f l u x  gages were 6.6 cm 
(2.6 in.) long and thus d id  not extend i n t o  the 
region of turbulence generated by the sidewalls. 

Af ter  leaving the tes t  section, the f l ow  pas- 
sed through a t rans i t i on  section i n t o  a 10 in. 
pipe, through two long radius elbows. a f low 
straightener and i n t o  an o r i f i c e  run. The o r i f i c e  
p la te  had a diameter o f  19.1 cm (7.5 in.). The 
flow rates used i n  these tests  w r e  measured wi th  
t h i s  or i f ice.  A i r  then passed th ru  a IO in. but- 
t e r f l y  valve which was used t o  control the flow 
r a t e  and then t o  the bui ld ing a l t i t u d e  exhaust 
systenr. 

The temperature o f  the a i r  entering the wind 
tunnel was measured by four exposed b a l l  Chromel- 
Alumel thermocouples around the perimeter o f  the 
in le t .  The output o f  these four thermocouples 
were averaged t o  give the t o t a l  or  stagnation 
temperature. 

Turbulence measurements were made wi th  a 01% 
Rodel 55MlO constant temperature hot wire anemo- 
meter. Sfgnals were l inearized wi th  a D I Y I  model 
55W5 linearize,-. The mean component o f  the tur -  
bulent ve loc i ty  signal was read on a DISA model 
55031 inteqratlng d i g i t a l  voltmeter. The fluc- 
tuat ing component was read on a OISA model 55035 
RHS voltmeter. Both these instruments have an 
adjustable time constant which was adjusted t o  the 
minimum value which would give a stable readinq. 
The hot wire probe was a Th rmosystemr Inc. model 
1227-71.5. This i s  a 4x10-t meter tunqsten 
s fnq le wire probe. The hot wire was cal ibrated 
before each use I n  a f ree j e t  o f  a i r  a t  nearly the 
s a w  temperature (*I' C) as the wind tunnel flow. 
The hotwire system frequency response was deter- 
mined t o  be around 30 kHz by the standard square 
wave test. A l l  hot wire measurements were made 
without the models i n  place and a t  the location Of 
the cyl inder center l ine, 

Turbulence scale was estimated csinq an 
autocorrelatlon o f  the hot wire signal. The 
autocorrelation was obtained on a Nicolet model 
660A dual channel spectrum analyzer. The area 

A 4.65:1 contraction then accelerated the a i r  
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under the autocorrelation funct ion gave an in tegra l  
time scale. This t f ae  scale uas then mul t ip l ied  
by the man  ve loc i t  to obtain a measure o f  the 
integral  length scare. 

During each heat t ransfer test, power to each 
heat f l u x  gage was adjusted to keep the surface o f  
the model a t  constant temperature. This was done 
manually a t  f i r s t  and required about one hour t o  
a t ta in  equlibrium f o r  each daca point. An elec- 
t ronfc c i r c u l t  was designed t o  accaaplish t h i s  
task and the time to set each data point  f e l l  t o  
about 5 min. A block diagram o f  the c i r c u i t  i s  
shown i n  Fig. 7. The voltage from the themcouple 
was amplffied and compared to an adjustable re fe r -  
ence voltage which was the  same f o r  a l l  heaters on 
the model. The di f ference i n  these two voltages 
was amplif ied and applied t o  the base o f  a power 
t ransistor which then control led the power t o  each 
heater. Current was measured with the 0.05 ohm 
shunt and voltage was measured across each heater 
thus allowing the calculat ion o f  e l e c t r i c  power 
dissipated. 

Data Reduction 

Heat Transfer Coeff ic ient  

The heat t ransfer coef f i c ien t  f o r  each copper 
s t r i p  was calculated from the v n l t a e .  and current 
applied to the heater and the temperature measured 
by the thermocouple. I t was desired t o  know the 
heat transfer due only t o  convection; therefore, 
the heat l os t  by rad ia t ion  had t o  be subtracted 
from the e lec t r i c  power input. This contr ibut ion 
was estimated as 

The surface emiss iv i ty ,  C ,  was estimated as 0.5. 
The rad ia t ion  contr ibut ion f o r  most cases was less 
than 2 percent o f  the t o t a l  heat flow. 

gap whfch contained the polyurethane foam. 
heat i s  conducted from the edge o f  the copper 
str ip,  through the foam and cowected from the 
surface o f  the model. An estimate o f  t h i s  heat 
loss was obtained from an exact solution4 f o r  
the heat conduction i n  a rectangle with two ad- 
jacent sides insulated, one other s ide held at 
constant temperature ( the temperature o f  the copper 
s t r i p )  and the f i n a l  side convecting t o  a f l u f d  a t  
a known temperature. The solut ion i s  

The copper s t r i ps  were separated by a small 
Some 

- 
tan enZ tanh enb 

‘gap 2h(Tw - ‘ad) (2) 
n61 

where the on’s are the roots o f  

h on tan ( 0 ~ 2 )  = Ti ( 3 )  

A drawing o f  t h i s  area i s  shown i n  Fig. 8. A de- 
ta i l ed  f f n i t e  difference model o f  the area between 
the dashed l fnes i n  the f iqure  showed that v i r -  
t ua l l y  no heat was l o s t  from the bottom side o f  
the copper str fp.  The f i n i t e  difference solut ton 
and the exact solut ion gave the same value f o r  the 
heat l os t  i n  the gap t o  w i th in  2 percent. The 
exact solut ion was used i n  the data reductton to  
account for the heat loss thru the qap. The heat 
l os t  thru the gap varied from 10 percent t o  as 
much as 20 percent fo r  large qaps. 

The heat transfer coef f i c ien t  was then ca l -  
culated as 

(4 

Note that to calculate QqaP. the heat transfer 
coeff ic ient ,  h, must be known. Thus an i t e r a t i v e  
solut ion was necessary. An i n i t f a l  guess was made 
for h from Eq. (4) by assuming Q was zero, 

was then calculated and Eq. (af’used t o  
%!kulate h. :his procedure was repeated u n t i l  

I hi+l - hil e 0.001 

Test Sectfon Density-Velocity Product 

t e s t  section was measured with a P i to t -s ta t i c  
probe. The densi ty was calculated assuming a i r  t o  
be an ideal  gas. The density-velocity product i n  
the tes t  s e c t i m  was theit correlated t o  the o r i f i c e  
f l ow  rate. This cor re la t ion  was then used t o  cal-  
cu la te  the density-velocity product i n  a l l  sub- 
sequent tes ts  . 
Test Section Sta t ic  Pressure 

Test section s t a t i c  pressure was not measured 
so an estimate was made using Bernoull i ’s equation 
f o r  incompressible flow. Test section s t a t i c  
pressure was calculated as 

With no models present, the  ve loc i t y  i n  t h e  

P, P Pt - ; P V 2  

The t o t a l  pressure, pt. was assumed t o  be the  
loca l  barcinetric pressure. The density-velocity 
product was known from the cor re la t ion  mentioned 
i n  the  previous section. To calculate the density, 
the s t a t i c  pressure must b r  known; thus, i t e ra t i on  
was required t o  obtain a solut ion t o  Eq. (6). 

Test Section Sta t ic  Temperature 

Total temperature was measured a t  the i n l e t  
t o  the turbulence control  section. Test section 
s t a t i c  temperature was calculated fo r  a perfect  
gas under adiabatic conditions as 

where 

c E + ( P ” ) 2  R *9c 

The r a t i o  o f  speci f ic  heats f o r  a i r ,  y ,  was assumed 
t o  be 1.4 and the gas constant, R .  was 286.91 
J/kg-’C (53.35 f t-1 b f  / 1 bm’R) . 
Adiabatic Wall Temperature 

The adiabat i r  “ d ~ l  temperature was calculated 
as 
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The recovery factor. r. was assumed t o  be Heat Transfer D is t r ibu t ions  

Thermal Properties 

Thermal conductivity. viscosity. and Prandtl 
number f o r  a i r  were obtained as a funct ion of tem- 
perature from curve f i t s  o f  data presented i n  Ref. 
5. Therm1 properties were evaluated a t  the  Eckert 
reference temperature given by6 

Tr P 0.5Tw 0.287, * 0.22Tad (11) 

Reynolds Nwnber 

on the diameter, d, o f  the bare cylinder. 
i c e  shapes t h i s  was 5.1 cm (2.0 in.) and 6.6 cm 
(2.6 in.) f o r  the cyl fnder with nG i c e  accumla- 
tion. The Reynolds number was calculated as 

The Reynolds nwnber f o r  a l l  models was based 
For the  

Nusselt Number 

The Nusselt number was also based on the 
diameter o f  the bare cyl inder w i th  no ice  accumu- 
l a t i o n  and was calculated as 

hd NU E r 
Data Acquis i t ion and Error Analysis 

measuremnts were recorded on the laboratory data 
acquis i t ion system which i s  described i n  Ref. 7. 
For each data point, twenty .scans" o r  indiv idual  
readings o f  each data channel were recorded. These 
twenty scans were then averaged t o  give a s ingle 
reading f o r  each channel. This helped t o  eliminate 
sane o f  the noise present i n  the system. Because 
o f  the electronic mult ip lexing o f  the indiv idual  
data channels t o  the analog t o  d i g i t a l  converter, 
there i s  a cer ta in  o f f se t  between data channels. 
I n  an extreme case t h i s  caused a 0.6: C indicated 
di f ference i n  thernocouples tha t  were a t  the same 
temperature. This was corrected by short ing a l l  
the inputs t o  the data acquis i t ion system after a 
run, recording t h i s  value, then subtract ing t h i s  
"zero" from each reading. 

point  by the method o f  K l ine  and McClintock.* 
The averaae er ro r  f o r  a l l  data points was deter- 
mined t o  be 5.7 percent and the maximum er ror  was 
7.8 percent. 

Results and Discussion 

A l l  data w i th  the exception o f  the turbulence 

An er ro r  analysis was performed for each data 

I n  t h i s  section, heat t ransfer d i s t r i bu t i on  
t n  the form of Nusselt number as a funct ion o f  
angle from the stagnatfon pofnt  as we l l  as the 
var ia t ion  o f  Nusselt number with Reynolds nunber 
w l l l  be presented f o r  the c i r cu la r  cyl inder and 
the four I c e  accretion shapes. Results w l l l  be 
presented f o r  both smoth and sand roughened shapes 
f o r  high and low free stream turbulence. 

C i rcu la r  Cylinder 

Smoot'l Surface-low Turbulence. Figure 9 shows 
N u s s e G - ' ? r  as a funct ion o f  angle from the  
stagnation po in t  f o r  t he  four cases mentioned 
above. A l l  the data on Fig. 9 was taken a t  a Rey- 
nolds nlaber o f  177 000. 

o f  the  lamina: boundary layer equations due t o  
F r o ~ s l i n g . ~  The good agreement between the exact 
solut ion and the s m t h  cylinder, low turbulence 
data confirms the accuracy o f  the experimental 
method. 

b o t h  Surface-High Turbulence. Nusselt nwn- 
ber d b t r i b u t i o n  around the cyl inder placed dorm- 
Stream o f  the  bi-plane g r i d  i s  also s h a n  on F4g. 
9. The g r i d  produced turbulence o f  about 3.5 per- 
cent with a scale of 1 cm (0.4 in.). Three and 
one-half percent turbulence was selected because 
the IRT  was o r i g i n a l l y  thought t o  be a .dirty" 
tunnel w i th  about t h i s  level  rf turbulence. Recent 
hot w i re  measurements by the authors have s h o n  
tha t  i n  fac t  the turbulence levels are much closer 
t o  0.5 percent. The e f fec t  o f  turbulence is t o  
increase the heat t ransfer v i r t u a l l y  uni formly 
around the circumference (measurements were only 
made up t o  50' from Stagnation) by about 30 
percent. 

Rough Surface-Low Turbulence. As seen on 
Fig. 9. the addi t ion o f  sand roughness t o  the  
cyl inder surface does not change the heat t ransfer 
r a t e  near the stagnation point  from the smooth 
surface case. As the anqle from stagnation in- 
creases however. the heat t ransfer r a t e  also in-  
creases. This i s  most l i k e l y  due t o  boundary layer 
t ransi t ion.  

Also ploted on the f i gu re  i s  an exact solut ion 

Rough Surface - H i g h  Turbulence. The f i n a l  
set o f  s ~ o l s  on Fiq. 9 Is f o r  the sand roughened 
surface with 3.5 percent f ree  stream turbulence. 
The e f fec t  o f  f ree  stream turbulence is seen t o  be 
greater nearest the stagnation point  where the 
heat transfer r a t e  i s  aaain increased by about 30 
percent over the low turbulence case. As the  angle 
from stagnation becomes laraer. the effect o f  f ree  
stream turbulence diminishes as the boundary layer 
becomes more turbulent. 

Two Minute Glaze I ce  

t i o n  f o r  a two minute accumulation o f  glaze ice. 
The data on t h i s  f igure  was taken a t  a Reynolds 
number o f  136 000. Also shown on the f i qu re  is 
the exact so lu t ion  due t o  Frosslinq. 

Smooth Surface-Low Turbulence. For the smooth 
surface, low turbulence case, the heat t ransfer 
d i s t r i bu t i on  i s  not chnnqed much from the c i r cu la r  
cylinder. There i s  no qage a t  the staqnation po in t  
but  qage number 5 shows tha t  the heat t ransfer i n  
the stagnation region i s  on ly  s l i g h t l y  below tha t  
fo r  the cylinder. Gages 2. 3, and 4 show only 
s l i g h t l y  higher heat t ransfer than the c i r cu la r  
cylinder. Gage number 1 is i n  a region o f  scpara- 
ted flow and has a somewhat hiqher heat t ransfer 
rate.  This region is o f  r e l a t i v e l y  low importance 
because the water drop co l lec t ion  e f f i c iency  i n  
t h i s  region is near zero and i ce  does not qrow 
from t h i s  location. 

Eigure 10 shows the Nusselt number d is t r ibu-  



pgh ;yrface-Law Turbulence. As with the 
c i r cu  ar cy nder. the addi t ion o f  surface rough- 
ness dras t ica l l y  changer the heat t ransfer d i s t r i -  
bution. The heat t ransfer i n  the stagnation region 
remains nearly the same as f o r  the smooth surface 
but boundary layer t rans i t ion  causes the  heat 
transfer t o  nearly t r i p l e  a t  gage nwnber 2. The 
co l lec t ion  e f f i c iency  i s  high i n  t h i s  region and 
the large heat t ransfer praaotes rap id  i ce  arowth. 

Rough Surface-High Turbulence. The addi t ion 
o f  f ree stream turbulence increases the heat 
transfer i n  the stagnation region. Heat t ransfer 
i n  the region o f  i ce  growth i s  not s ign i f i can t l y  
affected by turbulence however. Turbulence has no 
ef fect  on heat t ransfer i n  the separated region 
(gage 1). 

Five Minute Glaze I ce  

The heat t ransfer d i s t r i bu t i on  f o r  f i v e  min- 
utes accumulation o f  glaze I ce  i s  shown on Fig. 11. 
The exact solut ion i s  again shown f o r  reference. 
Reynolds nlsnber f o r  these data was 140 000. 

Smooth Surface-La Turbulence. F o r  t h i s  case 
near fhe  staqnation region (gage Sf, the heat 
transfer i s  23 percent lower than f o r  the c i r cu la r  
cylinder. As the angle from stagnation increases, 
the heat t ransfer increases s l i g h t l y  then decreases 
to  a minimum at  qage 6. Heat t ransfer i s  a maximum 
a t  gage 4. 

I n  the stagna- 
t i on  region, heat t ransfer i s  the same as the  
smooth surface case. As w i th  the cylinder, rough- 
ness causes the heat t ransfer t o  increase drama- 
t i c a l l y  w i th  distance from the stagnation point. 
The maximum heat t ransfer ra te  occurs a t  page 4 
and i s  nearly double tha t  o f  the  smoth surface 
case. I t i s  obvious from examination o f  the i ce  
shape that the region near gage 4 i s  the region o f  
fastest i ce  growth. Roughness does not a f fec t  the 
heat t ransfer r a t e  i n  the  separated reg i  m (gages 
1, 2. and 3) .  

has the same e f fec t  on heat t ransfer as i n  the  
previous examples. Heat t ransfer i s  increased i n  
the stagnation region and the increase i s  not as 
great i n  the reqion o f  fas tes t  i ce  qrowth away 
from the stagnation reqlon. Turbulence has v i r -  
t ua l l y  no e f fec t  i n  the separated region. 

Rough surface-Lar Turbulence. 

Rough Surface-Hiqh Turbulence. Turbulence 

Fifteen Minute Glaze Ice 

Figure 12 shows the heat transfer d i s t r i bu t i on  
for l S n i n  accumulation o f  glaze ice. The Reynolds 
nurnber fo r  a l l  the data on t h i s  f iqure  was 136 000. 
Frossling's exact solut ion f o r  the cyl inder i s  
again plat ted f o r  reference. 

Smoth Surface-Low TurbulPnce. Smooth surface 
resul ts are s imi lar  t o  the previous qlaze i c e  
shapes. Heat t ransfer i s  lower than f o r  the 
cy1 inder near the stagnation region and increases 
t o  a maximum a t  gage 9 which i s  the locat ion o f  
fastest i ce  accumulation. 

Smooth Surface-High Turbulence. The e f fec t  
of  hiqher turbulence with the smooth surface i s  
again-to increase heat t ransfer near ly uniformly 
except i n  the separated f low region where there i s  
no ef fect .  

Rouqh Surface-Low Turbulence. Roughness has 
almost no ef fect  u n t i l  qage 9 where the heat 
transfer ra te  i s  doubled compared t o  the smooth 
surface low turbulence case. 

i n  a l l  the other cases, causes a near ly uniform 
Rouqh Surface-High Turbulence. Turbulence as 

increase In  the heat t ransfer except i n  the  sepa- 
ra ted  f low region. 

F i f teen Minute Rime I c e  

Figure 13 shows the heat t ransfer d i s t r i bu t i on  
f o r  15-min accumulation o f  rim ice. A l l  data 
points were taken a t  a Reynolds number o f  138 000. 

b o t h  Surface-Low Turbulence. Heat t ransfer 
levels f o r  the rime i c e  shape are s imi la r  t o  those 
f o r  the  plane cyl inder except near gage 8 where 
they are s l i g h t l y  higher. It was impractical t o  
locate a gage a t  the c r i t i c a l  region between gages 
8 and 9; i t  i s  possible that  the maximum heat 
t ransfer r a t e  occurs a t  t h i s  location. 

Smooth Surfaceaigh Turbulence. A near ly  
uniform increase can be seen i n  tne stagnation 
region. I n  the wedge shaped region (gages 1 t o  7 )  
there i s  no e f fec t  o f  turbulence. 

increase i n  heat t ransfer due t o  rouqhness occurs 
a t  gage 8. Roughness also increases the heat 
t ransfer i n  the wedge f l ow  region considerably and 
has less o f  an e f fec t  i n  the  stagnation region. 
I t  i s  possible that  roughness causes an even m e  
dramatic increase i n  the c r i t i c a l  region between 
gages 8 and 9 tha t  cannot be resolved. 

previous cases turbulence increases heat t ransfer 
i n  the stagnation region by the largest amount. 
Heat t ransfer i s  increased i n  other regions by 
turbulence but t o  a lesser degree. 

Rough Surface-Lw Turbulence. The largest 

Rough Surface-High Turbulence. As In a l l  the  

Reynolds lurrber E f fec ts  

Data f o r  a l l  models was taken f o r  various 
f low ra tes  which gave a range o f  Reynolds numbers 
from about 50 000 t o  180 OOO. Spare l im i ta t i ons  
prevent us from showing Reynolds number e f fec ts  
f o r  every gage o f  every model; however. result: 
from gages i n  c r i t i c a l  i ce  growth areas and o t  : 
interes t ing  locations w i l l  be shown. For each 
gage, a least  squares f i t  o f  the equation 

Nu AReB (14) 

was obtained, the constants A and B f o r  each gage 
are shown i n  Table 111. 

C i rcu la r  Cylinder 

Figure 14 shows Nusselt number as a funct ion 
o f  Reynolds number f o r  the gage located a t  50' 
from the stagnation point  f o r  the c i r cu la r  cy l in -  
der. This i s  near the locat ion o f  most rap id  i ce  
accumulation. Also shown on the f igure  i s  a least  
squares f i t  o f  Eq. (14) f o r  each case. The con- 
stants A and E, are shown on the legend o f  the 
f igure  as we l l  as i n  Table 111. 

f ree  stream turbulence. the slope o f  the curves i s  
seen t o  be near 0.5 which i s  ind ica t ive  o f  a lami- 
nar boundary layer. The addi t ion o f  surface 
roughness causes a departure from the power law 
behavlor which i s  ind ica t ive  o f  a t rans i t lona l  
boundary layer. 
squares f i t s  were computed only fo r  data points 
with Reynolds numbers greater than 100 OOO. 

For the  smooth surface cases o f  low and high 

I n  the l a t t e r  two cases, the least  

Glaze Ice 

The e f fec t  o f  Reynolds number on Nusselt num- 
ber f o r  P a i n  accumulation o f  glaze i ce  f o r  gage 
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two i s  shown on Fig. 15. 
t o  that  shown previously f o r  the cylinder. The 
smooth surface case has a 0.5 slope ind ica t ing  a 
laminar boundary layer. The addi t ion o f  surface 
roughness causes boundary layer t rans i t i on  and a 
departure from the power law curve fit. 

The remainin two glaze i c e  shapes tested. 5- 
and 15-min accumu!ation. show s imi la r  trends with 
Reynolds n u d e r  and w i l l  not be shown here. 

The behavior i s  s im i la r  

Rim Ice  

The e f fec t  o f  Reynolds nuraber on heat transfer 
a t  gage 9, which i s  near the locat ion o f  fastest  
i c e  growth. i s  sham on Fig. 16. The two smocth 
surface cases have slopes near 0.5 which indicates 
a laminar boundary layer. The two cases with sur- 
face roughness shown an increased slope but, un l i ke  
the glaze ice, fo l low the parer law curve fit. 

Figure 17 shows the data from gage 4. I n  
t h i s  region the  i ce  s h a p  appears wedge-like, i.e., 
a near ly f l a t  surface a t  an angle t o  the f ree  
stream. The smooth surface data appears t o  go 
th ru  a rap id  t rans i t i on  t o  a turbulent boundary 
layer as Reynolds number increases beyond about 
70 OOO. I n  a l l  cases where t h i s  t rans i t i on  takes 
place, the  constants i n  Table 111 are v a l i d  only 
f o r  the high Reynolds number port ion o f  the data. 
The addi t ion o f  surface roughness o r  free stream 
turbulence, however, eliminates t h i s  phenomenon. 

Sumnary o f  Results 

Heat t ransfer measurements have been made on 
a c i r cu la r  cyl inder and on four simulated i ce  ac- 
c re t ion  shapes. The ice  shapes had a constant 
cross section perpendicular t o  the f l o w  and were 
obtained by averaging cross sections of ice grown 
on a cyl inder i n  the NASA lewis I c ing  Research 
Tunnel. Heat t ransfer d is t r ibu t ions  around the 
circumference o f  the ice  shapes and c i r cu la r  cy l -  
inder were obtained over a range o f  f low veloci-  
t ies.  The e f fec t  o f  surface roughness and f ree  
stream turbulence was investigated f o r  each i c ing  
shape model. The heat t ransfer d i s t r i bu t i on  around 
each model i s  presented as we l l  as selected Rey- 
nolds nuder  ef fects.  Power law curve f i t s  o f  
Nusselt number as a function o f  Reynolds number 
are presented i n  tabular form. Major conclusions 
were: 

1. Surface rouahness chanaes tho character of 
the boundary lay&- from laminar to  t rans i t iona l .  
:his caiises heat t ransfer t o  increase i n  the reqion 
of fastest  i ce  growth. 
E .  Free stream turbulence changes heat transfer 
most i n  the stagnation region. The stagnation 
region i s  not the region o f  most rap id  i c e  growth. 
3.  As glaze ice  shapes grow. the difference 
between heat t ransfer a t  the stagnation point  and 
the point  o f  the mast rap id  growth increases thus 
pronotinq even fas te r  growth away from the  stagna- 
t i o n  region. 
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Two minute glaze 

e 

0.25 
1.72 
3.15 
4.60 
7.31 

10.20 
12.39 
15.03 
18.56 
21.66 
24.03 
25.86 
27.39 
28.94 
30.13 
31.24 
32.52 
34.31 
35.76 
37.09 
37.93 
38.87 
43.25 
53.32 
67-42 
75.49 
90.00 

- 
e 

0.43 
7.85 

16.13 
23.03 
30.55 
37.91 
46.62 
51.52 
55.96 
59.50 
61.35 
63.51 
66.11 
69.65 
72.17 
74.66 
90.00 

- 

- 

2r/d 

1.921 
1.940 
1.971 
1.964 
1.932 
1.885 
1.877 
1.897 
1.951 
2.061 
2.214 
2.343 
2.484 
2.652 
2.818 
2.941 
3.003 
3.039 
3.031 
2.961 
2.893 
2.766 
2.229 
1-566 
1.157 
1.028 
1.000 

- 
2r Id  

1.173 
1.187 
1.204 
1.215 
1.231 
1.244 
1.269 
1.264 
1.237 
1 .le4 
1.148 
1 .loo 
1.062 
1.032 
1.035 
1.011 
1 .ooo 

- 

- 

~ 

Gage no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

ORfdiMAC PAC?! Fu 
OF POOR QUALITY 

~- 

e 

64.0 
57.1 
52.4 
48.2 
45.0 
42.8 
40.6 
38.6 
33.3 
29.1 
27.1 
24.4 
20.6 
15.6 
9.5 
2.8 

-2.8 

TABLE I .  - ICE S W E  COORIMES* 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Five minute glare 

67.0 
57.8 
52.5 
46.3 
36.0 
28.0 
19.0 
5.3 

-5.3 

- 
0 

0.00 
5.01 
9.42 

11.74 
14.92 
18.27 
22.55 
25.97 
29.78 
33.71 
36.06 
38.60 
41.69 
43.91 
46.03 
47.90 
50.14 
52.43 
55.76 
60.93 
I .97 
71.21 
75.12 
89.43 

- 
- 
2 r l d  

1.314 
1.379 
1.445 
1.461 
1.463 
1 A51 
1.439 
1.438 
1.468 
1.532 
1.582 
1.639 
1.704 
1.717 
1 .?OS 
1.660 
1.566 
1.454 
1.332 
1.198 
1.113 
1.064 
1.025 
1 .OD1 

- 

- 

Fifteen minute glaze 

*Parameters defined i n  Ftg. 3. 

TABLE I 1. - HEAT FLUX GAGE LOCATIONS+ 

Two minute glaze 

Gage no. e - 
62.4 
45.0 
33.0 
19.6 
7 .O 

-5.4 

-- 

Five minute glaze 

I 
*Parameters defined in  Fig. 3. 

~~ ~~ 

Fifteen ninute glaze 

Fifteen ainute rime 

2.224 

4.49 
6.26 
8.07 

10.71 
14.46 
22.60 
35.23 
44.65 
53.01 
62.82 
69 .% 
75.74 
89.42 

2.257 
2.305 
2.305 
2.267 
2.131 
19.03 
1.532 
1.219 
1 .lo4 
1 .oQ2 
1.022 
1.022 
1.034 
1 .ooo 

Fifteen minute rime 

Gage no. 

24.8 
19.4 
15.1 

8 11.0 



TABLE 111. - COEFFICIENTS FOR POWER LAW CURVE FIT OF Nu s ARe8 FOR EACH CASE 

0' 
10: 20 
30' 
40' 
50' 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

C l  mu1 ar 
cyllnder 

2 minute 
glaze Ice 

A 

1.2436 
0.9734 
0.8373 
0.8160 
0.6569 
0.6460 

0.0275 
0.8753 
1.1081 
1.2048 
1.2009 
1.0173 

0.1878 
0.1082 
0.0525 
0.4966 
0.1844 
0.8144 
1.C663 
0.4734 
0.6399 

0.0915 
0.0757 
0.0500 
0.0495 
0.0358 
0.0340 
0.0327 
0.0281 
1.1024 

5 minute 
glaze ice 

0.1469 
0.3364 
0.4072 

0.0163 
0.0124 
0.0145 
0.0156 
0.0187 

0.0153 
0.0139 
0.0059 
0.034' 
0.1026 
0.1224 
0.1562 
0.1522 
0.0647 
0.0632 
0.0810 

0.0231 
0.0493 

0.0204 
15 mfnute 
glaze ice 

0.6544 
0.5592 
0.5400 

0.9081 
0.9195 
0.8941 
0.8804 
0.8526 

0.8575 
0.8735 
1.0452 
0.7798 
0.6575 
0.6208 
0.5857 
0.5847 
0.6664 
0.6828 
0.6609 

0.8781 
0.8015 

0.8338 

15 minute 
rime ice 

qGzGz- 
no. 0.5% turbulence - 

8 

0.4774 
0.5008 
0.5125 
0.5109 
0.5241 
0.5218 

0.8056 
0.5081 
0.4956 
0.4887 
0.4722 
0.4752 

0.6531 
0.6899 
0.7490 
0.5613 
0.5403 
0.4686 
0.4734 
0.5289 
0.4998 

0.7364 
0.7400 
0.7663 
0.7658 
0.7854 
0.7829 
0.7827 
0.7979 
0.5387 
0.5207 
0.5105 
0.5344 
0.5208 
0.5254 
0.6073 
0.6215 
0.6166 

0.6136 
0.6733 
0.7999 
0.7958 

- 

- 

- 

- 

--- -- --- 
0.9844 
0.5030 
0.4831 

Rough surface 
0.5% turbulence 

0.0384 
0.0356 
0.0509 
0.0888 
0.0807 
0.0048 
0.2548 
0.8081 

0.8151 
0.8256 
0.7993 
0.7546 
0.7772 
1.0468 
0.6447 
0.5347 

b o t h  surface 
3.5% turbulence 

A - 
0.6632 
0.5287 
0.6003 
0.6005 
0.6076 
0.4880 - - - - 
I__ 

-I- -- - 
0.1177 
0.0950 
0.0593 
0.0621 
0.0474 
0.0488 
0.0421 
0.0432 
0.0322 
0.3698 
0.2487 

0.2205 
0.1829 
0.1211 
0.1761 
0.2134 

0.0613 

0.0089 
0.0187 
0.0126 
0.0095 
0.0405 
0.0785 
0.6615 
0.6449 

0.2058 

- 
~.0267 

B 
0.5533 
0.5723 
0.5614 
0.5583 
0.5547 
0.5673 

- 

- - 
I_ 

- 
I- -- - --- 
I_ -- -- -- -- 
0.7142 
0.7187 
0.7499 
0.7447 
0.7594 
0.7504 
0.7588 
0.7595 
0.5819 
0.5885 
0.6121 
0.6196 
0.6077 
0.6179 
0.6502 
0.6474 
0.6260 

0.7549 
0.8256 
0.9078 

0.8895 
0.9125 
0.7858 
0.7653 
0.5726 
0.5740 

- 

n.8491 

Rough surface 
3.5% turbulence - 

A 

0.2460 
0.1478 
0.0306 
0.0072 
0.0025 
0. W69 

0.0853 
0.0077 
0.0086 
0.0855 
0.1679 
0.1418 

0.1472 
0.0768 
0.0681 
0.0012 
0.0104 
0.0149 
0.0403 
0.2831 
0.2197 

0.0283 
0.0194 
0.0194 
0.0236 
0.0242 
0.0263 
0.0209 
0.0213 
0.0121 
0.0421 
0,0495 
0.0463 
0.0444 
0.0356 
0.0288 
0.0511 
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Figure 6. - Wind tunnel  schematic. 
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Figure 7. - Schematic of automatic heat flux gage tempr-ature controller. 
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